The equations of motion are derived for an object falling under the influence of gravity and aerodynamic drag. These equations are used to examine the response of the ARCAS parachute to hypothetical wind profiles in the region extending from 30 to 80 km.
I. INTRODUCTION
One important question asked by atmospheric scientists involved in the analysis of rocketsonde data concerns the accuracy of the wind information. At present, the wind information available to the analyst (Data Reports of the Meteorological Rocket Network Firings) is determined directly from the motion of the wind sensor without aLy corrections applied. In addition, the data presentation commonly begins at some height considerably below apogee (the highest point attained by the sensor).
The purpose of this report is twofold:
1. To investigate the response of a wind sensor to its environment.
To demonstrate the feasibility of applying corrections
to the sensor motion in order to obtain the real wind, and of extending the wind data to higher altitudes.
2., EQUATIONS OF MOTION
We shall assume from the outset thw. the wind sensor moves only in response to the force of gravity and aerodynamic drag, 
Substituting (4) It is significant to observe that, for the condition of zero vertical wind, the error in the horizontal wind components, ur and Vr, can be determineQ from the sensor velocity alone, without regard to the physical characteristics of the medium and sensor that are involved in K. However, since the'e is no unique sensor velocity profile, this approach in determining u r and vr can be utilized in real situations only. An example of empioying this approach is reserved for a later section.,
In order to permit a more general understanding of how the sensor will respond to its environment, we shall therefore postulate the state of the environment,
Since we have already assumed no vertical wind, our immediate concern is with (11) and (12). Because they are similar, we shall consider only (11). Upon substituting up = u -u r (11) becomes dur r wr
In its present form (14) is not integrable without applying some conditions., The first of these is that over a sufficiently small layer of integration 2 2 K is constant and the second is that ur<< w r p
If, in addition, we examine the particular case in which the vertical wind shear is zero, then
and its solution is
where Ur(zo) is the initial wind error at height z O and z < Equation (16) dumonstrates that the wind error decreases exponentially with the distance the sensor falls through the atmosphere.
Maintaining the same prescribed conditions and letting the vertical wind shear vary sinusoidally, (14) becomes
where ZiTA /L is the amplitude and L its wavelength.
A solution for steady-state coaditions is given by Middleton This result shows a wind speed indication of reduced amplitude which lags behind the real wind speed fluctuations in the environment. As expected, increasing values of either K or L increase the amplitude of the wind speed indication and reduce the phase angle. Fig. 2 is a plot of (19).
QUANTITATIVE RESPONSE CHARACTERISTICS
In order to investigate quantitatively the response of a wind sensor to its environment, it is necessary to deal with the physical characteristics of the environment and sensor. The remainder of this report will be concerned with the ARCAS parachute. normally calculated beginning at the joint where the wind sensor is deemed to be "wind sensitive" (point D, Fig. 3 ). This point is ascertained subjectively from the radar track by noting a 'Uiscontinuity" in the plotted path.
z -Am___ Zo
The aerodynamic performance of the falling parachute is dealt with elsewhere (Beyers, et al, 1962; Whitlock and Murrow, 1964) . It is sufficient to note that the effective cross-sectional area varies with descent (by virtue of the shroud lines twisting and the pendulum motion induced by the instrument package) and the parachute may slip and glide and perhaps collapse altogether.
These effects are more predominant at the higher altitudes., Since we are interested in altitudes from 30 to 80 km, the variation of K with height must be taker into account. We shall first consider the vertical variation of the drag coeificient, CD. Wagner (1964) has fitted an analytical curve to an average fall speed profile based on many trials and produced the expression
where the K's are empirical constants. The data from which (20) was deduced, however, were taken from the 30-65 km layer only., The effect of this equation above 65 km can be determined in the first instance by using it to generate a CD profile.,
Let us imagine that we have released the parachute at 80 km into a calm atmosphere. Then u and v are zero so that (13) can be solved for r r
The CD profile has be ,n computed after substituting (20) into (21) for wP, using the U. S. Standard Atmosphere density (Duberg, et al, 1962) , 2 A = 164045 cm , and m = 2330 gin., In Fig. 4 (curve A) the drag coefficient continually increases above 60 kn. We see no apparent justification for this on physical grounds. Rather, the increase is a consequence of extrapolating Wagner's w profile to heights where its application was not intended. As On the other hand, the C D profile should be acceptable below 60 km because it is based on empirical w data. In order to obtain a plausible P CD profile for the entire 30-80 km region, we shall assume simply that CD varies linearly with height and is strongly weighted by the data below 60 km.
The expression for the drag coefficient is
where z is in kilometers. Eq., (U2) is also shown in Fig., 4 (curve B).
We now have sufficieat information to derive a new w profile that will be more consistent with Expectations above 60 km. To accomplish this, we need first to integrate (11) and (13). The integration will be performed over a layer 500 m thick in which we shall assume a mean value of K and the two terms u r and wp inside the radical (let vr 0). The results of integrating (11) and (13) are, respectively,
and
where
Equations (23) and (24) Additionally, Fig. 5 shows that the parachute must fall 20 km to a height of 60 km before the wind error is negligible.
As seen in (24) and ( 
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and comparing the computed w r or w profile with that in Fig. 5 (curve B) .
The assumed real wind profile is shown in Fig. 6 (curve A) .
The ur and wr profiles were computed in the manner previously prescribed. The differences between the up profiles shown in Fig. 6 and between the w r (or w ) profiles shown in Fig. 7 are the result of making u-r = 0 .t apogee in one case and u = 300m secI in the other. Figure 6 illustrates, as did Figure 5 , that the effect on the speed it the sensor of the impulse imparted to it by the rocket is almost negligible at 60 km. In Figure   - (23), (24), and (25) prodices the results shown in Fig. 8 ., The wind error at the top of the profile was assumed to be zero. The parachute fai! speed profile has not been shown since it is virtially identical with that in Fig. 7 (curve A) . Figures 9 and 10 display, respectively, the response and phase angle dependence on both wavelength and height. In Fig. 9 we have plotted the response, i.e., the ratio of the observed amplitude to the wind amplitude, as a functicn of wavelength at various heights. The ratio of the respective amplitudes, as determined from Eq. (19), is I [ 1 + (41 2 /K 2 L 2 )] 1/2. At any given wavelength, the response increases with decreasing altitude. At 8 km only 10% of the amplitude of the longest wa\ ,length (16 kin) is detected whereas at 30 km more than 99% of the amplitude of all wavelengths greater than 1 km is detected by the parachute.
In Fig. 10 we see that at any given height the phase angle decreases with increasing wavelength. At 80 km the phase shift is greater than 800 for all wavelengths shown whereas at 30 km the phase shift is less than 5°f or all wavelengths.
APPLICATION TO REAL WIND DATA
As point. d out in Section 2, if we assume no vertical wind, we can deduce the wina structui e from the observed motion of the falling parachute; that is, by substituting (7) into (5) and (6), we obtain
w+'].
We shall apply (26) and (27) and acceleration) are contained on magnetic tape and have had a 101-point filter applied to the various parameters (Webster, 1964) . The frequency response of this filter can be deduced from the numerical operator employed;
however, let it suffice here to say that the smoothing effected is very little, indeed, even at the high frequency end of tbe spectrum.. Equation (Z6) can be written in finite difference form as
tg (28)
where i denotes the current value, i-I the previous value, and i+l the subse- The response features exhibited in Fig. 13 are consistent with those described in the previous two sections of this report, at least up to about 68 km. It is quite apparent that large corrections must be applied to the measured winds above 60 km in order to obtain the true winds. In the -I example considered, the corrections varied from about 40 m sec to about -I 100 m sec in the 60-70 km region.
SUMMARY
This report has dealt with the response of a wind sensor acting only under the influence of aerodynamic drag and gravity. The following assumptions were made: zero vertical wind, the physical characteristics of the sensor and environment constant with height, and the rat'o of the wind error (difference between the horizontal wind and parachute speeds) to the fall speed small compared to unity. Under these conditions, it was found that the equation for the response of the wind sensor was of the same form as that for the response of an ordinary mercury thermometer.,
Next, the equations of motion (assuming zero vertical wind) were applied to the ARCAS parachute. The Standard ,Ntmosphere density a-id a semi-empirical drag coefficient profile were err ployed for the 30 to 80 km region. By postulating various wind profiles for this layer and different ejection speeds at apogee (80 kin) the following results were established:
1. in cases of zero to moderate horizontal wind shear, che parachute must fall from 80 km to approximately 60 km before it becomes essentially "wind sensitive" (wind error on the order of a few meters per second);
2. the parachute fall speed profiles are all approximately the same;
3. th effect of the ratio of the wind error to the fall speed on the fall speed is small.
Last, and most significant, a simple numerical procedure was developed from the equations of motion (assuming zero vertical wind) that can be used to comnpute the wind structure from the observed sensor motion.
This procedure involves neither the physical characteristics of the sensor nor those of the environment. Of additional significance is the fact that this procedure does not depend on the power of the velocity terrm in the equation for the drag force.
This technique was applied to an actual ARGAS flight and the computed component wind speed corrections were as large as 100 n 3ec 1 in the 60-70 km region.
